Three-dimensional reconstruction of tubulin in zinc-induced sheets. II. Consequences of removal of microtubule associated proteins.
The three-dimensional structure of zinc-induced tubulin sheets freed of microtubule associated proteins has been determined to 20 A resolution by electron microscopy and image reconstruction. The determination was carried out with porcine brain tubulin separated from microtubule associated proteins by phosphocellulose chromatography. Negatively stained samples were tilted using the goniometer stage of the electron microscope to provide images of the tubulin sheets ranging in tilt from -60 degrees to +60 degrees. The micrographs were digitized and subjected to a cross-correlation analysis to compensate for smooth curvature of the lattice in the sheets. For each angle of tilt, an average unit cell was obtained from the cross-correlation analysis and subsequently a Fourier transform was computed for inclusion in the three-dimensional Fourier data set. The transforms of 47 tilted images plus the average of five untilted sheets were combined and an inverse Fourier transform was applied to give a three-dimensional reconstruction of the microtubule associated protein-free tubulin sheets. Comparison of the protofilament structure in these sheets with the previously published protofilament structure of zinc-induced tubulin sheets containing microtubule associated proteins reveals a number of consequences of the removal of microtubule associated proteins. (1) The extensive internal contact along the protofilament observed in microtubule associated protein-containing tubulin sheets is maintained in microtubule associated protein-free tubulin sheets. (2) In projection, the protofilaments in microtubule associated protein-free tubulin sheets are 2 X 2 A closer together than in microtubule associated protein-tubulin sheets. (3) The deviations of adjacent protofilaments from the plane of the sheets when viewed end-on are more pronounced in the absence of microtubule associated proteins. Differences are also observed at the level of individual tubulin subunits. In particular, the distinct cleft which was found in one class of subunits in tubulin sheets with microtubule associated proteins is absent in the microtubule associated protein-free tubulin sheets. The loss of this cleft and some changes in the shape of the tubulin subunits upon removal of microtubule associated proteins suggest a possible site for the interaction of tubulin with microtubule associated proteins.